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Three s t u d i e s  are p r e s e n t e d  i n  t h i s  document. The first is a  fo l lowup o f  a  pre- 
v i o u s  r e p o r t  ( r e f .  1 1, which p r e s e n t e d  a new t e c h n i q u e  f o r  p r e d i c t i n g  monthly 
s u n s p o t  numbers o v e r  z, p e r i o d  o f  s e v e r a l  y e a r s  ( F e b r u a r y  1979 t o  1989) .  T h i s  
fo l lowup r e p o r t  p r e s e n t s  t h e  r e s u l t  of a  s u b s e q u e n t  e f f o r t  t o  f u r t h e r  v e r i f y  
t h e  p r e d i c t i o n  t e c h n i a u e  o v e r  t h e  p e r i o d  f o r  t h e  maximum epoch o f  s o l a r  c y c l e  
19. The second and t h i r d  s t u d i e s  p r e s e n t e d  i n  t h i s  r e p o r t ,  r e s p e c t i v e l y ,  a r e  
new t e c h n i q u e s  and r e s u l t s  f o r  p r e d i c t i n g  s o l a r  f l u x  (F10.7 cm) based on two 
f l u x / s u n s p o t  number models ,  a s c e n t  and d e s c e n t  and geomagnet ic  a c t i v i t y  i n d i c e s  
A p  and K p  a s  a  f u n c t i ~ n  o f  s u n s p o t  number and s o l a r  c y c l e  phese c l a s s e s .  
O r b i t  l i f e  t ime  models used w i t h i n  t h e  MPAD g e n e r a l l y  u t i l i z e  a t m o s p h e r i c  d e n s i t y  
models t h a t  r e q u i r e  d a t a  s p e c i f y i n g  a  measure  o f  s o l a r  f l u x  and t h e  geomagnet ic  
a c t i v i t y  index  ( f i g .  1 ) .  
2.0 SNSPOT NUMBER PREDICTION TECHNIQUES 
The s u n s p o t  number p r e a i c t i o n  t e c h n i q u e  by t h e  a u t h o r  and G .  G. Johnson ( r e f .  
I ) ,  is a p p l i e d  h e r e  f o r  a d d i t i o n a l  v e r i f i c a t i o n .  A d i f f e r e n t  t imeframe ( y e a r s  
o f  t h e  s o l a r  c y c l e )  was used ,  which i n c l u d e s  t h e  naximum epoch s u n s p o t  numbers 
of s o l a r  c y c l e  19 ( l a r g e s t  v a l u e s  observed  t o  d a t e ) .  
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The p r e d i c t i o n  a n a l y s i s  from ( r e f .  1 )  used t h e  s o l a r  a c t i v i t y  s u n s p o t  number h i s -  
t o r i c a l  p e r i o d  (monthly observed  v a l u e s )  shown i n  f i g u r e  2  a s  i n p u t  t o  t h e  
s tudy .  Also  i n c l u d e d  i n  t h e  document was a  p r e d i c t i o n  v e r i f i c a t i o n  a n a l y s i s  
t h a t  used t h e  3ame s u n s p o t  number r e c o r d  b u t  t e r m i n a t e d  t h e  l a s t  i n p u t  d a t a  
p o i n t  i n  December 1972, a l l o w i n g  a c t u a l  observed  s u n s p o t  numbers t o  be compared 
w i t h  t h e  p r e d i c t e d  r e s u l t s  ( J a n u a r y  1973 t o  J a n u a r y  1979) .  The t imeframe 
i n c l u d e d  s u n s p o t  numbers observed  j u s t  b e f o r e  and a f t e r  t h e  minimum epoch o f  
c y c l e  2 1 , June  1  976. 
T h i s  :-aflpari~on showed h i g h l y  f a v o r a b l e  r e s u l t s  f o r  t h a t  time p e r i o d ,  however,  
t o  f u l l y  test  t h i s  p r e d i c t i o n  t e c h n i q u e ,  it was deemed n e c e s s a r y  t o  make t h i s  
follow-on s t u d y  u s i n g  a  d i f f e r e n t  set of  c o n d i t i o n s ;  ? . e . ,  s o l a r  maximum epoch 
v a l u e s .  
P r e s e n t e d  i n  f i g u r e  3 a r e  t h e  observed  s u n s p o t  numbers from a p p r o x i m a t e l y  1943 
t o  1968, which i n c l u d e s  t h e  maximum epoch v a l u e s  t h i s  s t u d y  w i l l  p r e d i c t .  The 
a c t u a l  i n p u t  d a t a  t,o t h e  p r e d i c t i o n  model used a r e  s u n s p o t  numbers observed  from 
1830 t o  J a n u a r y  1956 ( f ' ig .  4 ) .  The r e s u l t i n g  10-year  s u n s p o t  p r e d i c t i o n  s t a r t s  
in February  1955 and e x t e n d s  t o  J a n u a r y  1965. 
By a p p l y i n g  t h e  same m a t h e m a t i c a l  and c o m p u t a t i o n a l  t e c h n i q u e  of  r e f e r e n c e  1  t o  
t h e  s u n s p o t  number r e c o r d  i n  f i g u r e  4 ,  a model composed of 19 s p e c t u r a l  l i n e s  
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rms obtained by numerous i t e r a t i o n s .  Figure 5 s h o w  t h e  f i n a l  m 8 i d u l  ourve 
R19 as a funct ion of month/years with t h e  last value  a t  January 1956. Using 
t h e  same l o g i c  as before ,  t h e  predic ted  r e s i d u a l  was determined by symmetrio ex- 
tens ion and is presented i n  f i g u r e  6. 
NOTE: The summation of t h e  19 harmonics of t h e  model with t h e  r e s i d u a l  RIP i n  
f igure  5 y i e l d s  t h e  o r i g i n a l  inpu t  sunspot record. Therefore,  as p o i n t d  out  i n  
reference  1 ,  when t h e  ext rapola ted  por t ion of t h e  r e s i d u a l  R19 is summed i n  a w 
l i k e  manner, t h e  r e s u l t  is a prediot ion of the  sunspot numbers f o r  t h a t  
timef rue .  
The predic ted  sunspot numbers from January 1956 t o  January 1965 a r e  shown i n  flg- 
u re  7 with t h e  a c t u a l  observed sunspot numbers f o r  comparison purposes. The cus- 
tomary format of present ing these values  ( a l l  p o s i t i v e )  is presented In f i g u r e  8. 
To summarize the  r e s u l t s  of the  R19 r e s i d u a l  study,  t h r e e  p l o t s  a r e  shown i n  
f i g u r e  9 t h a t  inc lude (a)  the  r e s i d u a l  R13 curve a lone ,  (b)  t h e  R19 r e s i d u a l  
curve and extrapola ted  r e s i d u a l ,  and (c)  sunspot number curve f o r  both predic ted  
and observed values .  
NOTE: These predic ted  sunspot numbers show good o v e r a l l  agreement with t h e  ac- 
t u a l  observed sunspot numbers. During the  maximum epoch of t h i s  cyc le ,  t h e  maxi- 
mum d e l t a  sunspot number d i f f e r e n c e  between the  predic ted  and observed values  
was ( G O )  f o r  a given month. However, when consider ing t h e  e n t i r e  curve f o r  
t h i s  timeframe, the  predic ted  values  average out  t o  a respec tab le  oomparison. 
Therefore,  t h e  r e s u l t s  from t h i s  R19 study i n d i c a t e  t h e  predic ted  sunspot num- 
b e r s  f o r  the  re fe rence  1 s tudy a r e  acceptable.  
The predic ted  s o l a r  f l u x  data presented i n  r e fe rence  1 (1979-1989) were smooth 
F10.7-cm values  based on r u ~  ( sunspot number/flux) empir ica l  r e l a t i o n s h i p  us ing  
smooth 13-month smooth sunspot numbers a s  inpu t  (f ig.  10). The curve i n  f i g u r e  
10 is derived from a numerous amount of observed sunspot numbers and f lux  d a t a  
without regard f o r  the  ascending o r  descending phases of t h e  s o l a r  cycle ;  l ee . ,  
a l l  of t h e  d a t a  were included i n t o  one l a r g e  sample. (See re fe rence  1 of r e f e r -  
ence 1 .) 
This  document p resen t s  the  e f f e c t s  of  t h e  ascending and descending phases of  t h e  
s o l a r  cycle  and t h e  two new (sunspot number/f lw) models t h a t  were derived.  
It was noted ,  when looking  a t  t h e  sunspot  number/flux d a i l y  o r  monthly va lues  
over  a per iod  o f  time, t h a t  a d i s t i nc t . i on  between t h e  ascending  and descending 
va lues  e x i s t e d  and could be i d e n t i f i e d .  The i n v e s t i g a t i o n  of  t h e s e  d a t a  is 
discussed .  
a. Sunspot number and s o l a r  f l u x  time h i s t o r y  i n v e s t i g a t e d  
Over 4000 observed d a i l y  sunspot  number and f l u x  d a t a  s imples  from 1955 
through 1965 ( r e f .  2 )  were w e d  f o r  t h e  a n a l y s i s .  To understand t h e  rela- 
t i o n s h i p  o f  sunspot  numbers t o  f l u x  va lues ,  s e v e r a l  p l o t s  were genera ted  and 
are discussed  as fol lows:  
F igu res  11 and 12 p r e s e n t ,  - e spec t ive ly ,  sunspot  number and s o l a r  f l u x  ahows 
va lues  observed over t h e  1 , e a r  span. The same d a t a  ( f i g .  13) sunspot  
number a s  a func t ion  of  f l u x  v a l u e s  f o r  t h i s  same timeframe. This  p l o t  
shows a l l  of  t h e  d a t a  samples t o g e t h e r  wi thout  regard  t o  t h e  amend ing  o r  
descending e f f e c t  o f  t h e  phases o f  t h e  s o l a r  c y c l e s .  The au tho r  
i n v e s t i g a t e d  t h e  d i f f e r e n c e  between a s c e n t  and descent  va lues .  Presented  i n  
f i g u r e  14 a r e  t h e  a s c e n t  phase (sunspot  number/flux) d a t a  e x t r a c i d  o u t  o f  
f i g u r e  13 and l i kewise  t h e  descen t  phase (sunspot  number/flux) d a t a  shown i n  
f i g u r e  15. The next  s t e p  was t o  develop t h e  a s c e n t  and descent  models t h a t  
were de r ived  by de termining  an average  f l u x  value f o r  a g iven  sunspot  number 
wi th  i ts  a s s o c i a t e d  maximum and minimum values .  The maximum and minimum 
va lues  average o u t  t o  be s l i g h t l y  l e s s  than  -2 sigma. This  approach 
produced t h e  models presented  i n  f i g u r e s  16 and 17, which are c a l l e d  a s c e n t  
f l u x  envelope and descent  f l u x  envelope,  where t h e  average  va lue  of  each is 
included wi th  its maximum and minimum expected va lues ,  t h u s  de termining  t h e  
envelopes.  
b. Comparison o f  p red ic t ed  and observed f l u x  (1965-1979) 
A test case  was genera ted  ( f i g .  18)  u s ing  t h e  observed monthly mean sunspot  
numbers f o r  (1965-1979) wi th  t h e  new models u s ing  p red ic t ed  f l u x  and 
observed f l u x  f o r  v e r i f i c a t i o n .  The p red ic t ed  f l u x  a g r e e s  well wi th  t h e  
observed f l u x  and confirms t h e  aocuracy of  t h e  new models. 
c .  Comparison of  p red ic t ed  f l u x  d a t a  (1979-1989) 
This  s e c t i o n  p r e s e n t s  v a r i o u s  r e s u l t s  o f  both t h e  Johnson Space Center  (JSC) 
and Marshal l  Space F l i g h t  Center  (MFSC) p red ic t ed  f l u x  va lues  f o r  t h e  y e a r s  
(1979-1989). The MSFC d a t a  used are from r e f e r e n c e  3. Using t h e  JSC 
pred io t ed  sunspot  numbers from r e f e r e n c e  1 and t h e  new JSC ilu.ispot 
number/flux models ( a s c e n t  an.1 d e s c e n t ) ,  a p r e d i r t e d  f l u x  envelope was 
developed and is presented  i n  f i g u r e  17. Note t h a t  t h e s e  f l u x  va lues  
(maximum, average ,  and minimum) a r e  p red ic t ed  monthly mean va lues  and not  
smooth as i n  t h e  case f o r  t h e  MSFC p r e d i c t i o n  techniques .  F igure  20 pres-  
e n t s  t h e  MSFC (5-month smooth) p red ic t ed  f l u x  envelope from re fe rence  3 f o r  
c y c l e  21 where t h e  maximum r e p r e s e n t s  (97.71, minimum (2.3) and t h e  w e r a g e  
(50) p e r c e n t i l e  p r e d i c t i o n s ,  o r  approximately 2 2  sigma va lues .  
The JSC predic ted  f l u x  was modified fiom t h e  monthly va lues  t o  r 5-month 
cu:*ve f o r  comparison purposes with t h e  MSFC 5-month prttdiotion. These d a t a  
aae  shown i n  f i g u r e  21 i n  con3unotion with monthly observed flux. 
F ina l ly ,  a summary p l o t  f o r  t h i s  f l u x  study is presented i n  f i g u r e  22, whioh 
s h e w  t h e  JSC developed ascent  and descent sunspot number/flux models and 
t h e  p ~ e d i c t e d  JSC monthly f l u x  envelope f o r  1979-1989. 
Given a p a r t i c u l a r  l e v e l  of geomagnetic a c t i v i t y  measured by the  p lanetary  goo- 
magnetic index K , t h e  geomagnetic heat ing ( inc rease  i n  t h e  sxospheric tempera- 
t u r e  above t h e  q u r e t  iemperature corresponding t o  Kp = 01, can then be expressed 
as a func t ion  of t h e  i n v a r i e n t  magnetic l a t i t u d e  ( r e f .  4).  
a .  Def in i t ion  of A p  and Kp 
Excel lent  d e s c r i p t i o n s  of these  ind ices  can be found i n  re fe rence  5. Here 
it may be s u f f i c i e n t  t o  say t h a t  t h e  index Kp ranks a l l  3-hour i n t e r v a l s  
of  t h e  Greenwich day according t o  inc reas ing  d i s tu rbance  ( a c t i v i t y )  by 
ass igning one of t h e  ind ices  zero ( q u i e t ) ,  1, 2 ,  3, . . . . 9 ( i n t e n s e  storm) . 
The average of the  e i g h t  ranges of  (ap)  2e r  day i a  t h e  d a i l y  amplitude Ap,  
which can range i n  valrie frcin zero  t o  400. The r e l a t i o n s h i p  between Kp 
and Ap . Is presented i n  f i g u r e  23 f o r  conversion purposes. 
b. Sunspot number/Ap p red ic t ion  models 
Since t h e  geomagnetic a c t i v i t y  A or Kp i n d i c e s  p red ic t ions  a r e  used i n  
o r b i t a l  l i f e t i m e  programs along wfth t h e  predic ted  s o l a r  f l u x  (F10.7 an) 
values ,  the  author performed a s tudy t o  p r e d i c t  va lues  o f  Ap corresponding t v  the  a l ready defined predic ted  sunspot numbers of c y c l e  21 ( r e f .  1 ) .  
To de r ive  s u l t a ~ l e  models f o r  p r e d i c t i n g  values o f  A , d a t a  were ex t rac ted  
frun re fe rence  6, which discussed and presented resu l?s  of  time v a r i a t i o n s  
o f  the  geomagnetic a c t i v i t y  ind ices  K and Ap. Bas ica l ly ,  t h i s  reference  
presented K and A d a t a  f o r  t h e  I! ca lendar  months us ing var ious  
c l a s s e s  in t i e  sunspo! cycle  f o r  30 yea r s  of d a t a  as follows: 
Class  A - minimum epoch 
Class A - ascending 
Class C - maximum epcch 
Claso O - descending 
1 
For each c l a s s  t h e r e  e x i s t &  a corresponding monthly A index t h a t  is t h e  I 
average f o r  dl daya; t h e  ApD index ( a v e r a ~ e  f o r  5 dgsturbed days per 
month and the ApQ index t h a t  is t h e  average f o r  5 q u i e t  days per month. To 
formulate a geomagnetic mod61 f o r  t h i s  study,  t h e  concept of c l a s s e s  f o r  t h e  
sunspot oycle w a s  used :umilar t o  t h e  above. However, t h e  author  redef ined 
t h e  c l a s s e s  f o r  p red ic t ion  purposes a s  shown in f i g u r e  24. A d e s c r i p t i o n  of  
these  c l a s s e s  is presented i n  t a b l e  I ,  and an example o f  one of  the  node18 
( c l a s s  0 )  is presented i n  f i g u r e  25. Each of  t h e  c l a s s e a  ;.as been nodeled 
a s  ApD, Ap and A Q as a fbnc t ion  of  sunspot  number as ahown in t h i s  
p l o t .  Therefore ,  us fng  t h e  p r e d i c t e d  sunspot  numbers (monthly) I r a  re fe r -  
ence  1 ,  which i n c l u d e s  s o l a r  c y c l e  21 and p a r t  o f  solar c y c l e  22, and t h e s e  
geomagnetic models ( c l a s s e s  o f  t h e  sunspot  c y c l e ) ,  t hen  p red i c t ed  v a l u e s  o f  
ApD, A p ,  and ApQ were obta ined  f o r  t h i s  Sam* timeframe. 
c .  Comparison of  p red i c t ed  geomagnetic i n d i c e s  
The p r e d i c t e d  JSC geomagnetic envelope v a l u e s  o f  ApD, A p  and ApQ from 
1979 t o  1989 a r e  presented  i n  f i g u r e  26. 
The p r e d i c t e d  MSFC geomagnetic envelope  v a l u e s  o f  Ap from 1979 t o  1987 from 
r e f e r e n c e  2 are p! e sen t ed  i n  f i g u r e  27. They a r e  5-month smooth Ap index  
va lues  where t h e  maximum r e p r e s e n t s  (97.71, minimum (2 .3)  and average  50- 
p e r c e n t i l e  p r e d i c t i o n s ,  approximate ly  &? sigma. 
Because t h e  MSFC A d a t a  a r e  based on 5-month smooth v a l u e s ,  an a d d i t i o n a l  
s t e p  was preformed eo  a l t e r  t h e  JSC monthly A p  v a l u e s  t o  p r e d i c t e d  5-month 
s soo th  va lues .  Comparison o f  t h e  JSC 5-month smooth Ap  va lues  w i th  t h e  
MSFC 5-month smooth envelope d a t a  are presented  i n  f i g u r e  28. The JSC d a t a  
a r e  not  a s  smooth a s  t h e  MSFC b u t  o v e r a l l  a g r e e  f avo rab ly .  Also inc luded  is 
t h e  JSC 5-month smooth A p  cu rve  imposed on t h e  p l o t  i n  f i g u r e  26. 
I n  s u m a r y  of t h e s e  comparisons f i g u r e  30 is p r e s e n t e d ,  which shows t h r e e  sepa- 
r a t e  p l o t  ca se s .  Inc luded  a r e  t h e  p r e d i c t e d  MSFC 5-month smooth A p  envelope ,  
t h e  JSC monthly Ap  envelope ,  and t h e  same JS;: envelope wi th  t h e  imposed MSFC 
5-month smooth A p  v a l u e s  p l o t t e d  as connec t ing  c i r c l e s .  
Because some o r g a n i z a t i o n s  w e  K i n s t e a d  of  A as i n p u t  t o  t h e i r  d e n s i t y  
models, t hen  conve r t i ng  t o  prediceed  K v a l u e s  fs accomplished wi th  l i t t l e  d i f -  
f i c u l t y  w i n g  t h e  r e l a t i o n s h i p  o f  A a l r e a d y  p re sen ted  i n  f i g u r e  23. ' '1 v a l u e s  t h a t  were conver ted  from F igu re  31 p r e s e n t s  a p l o t  of t h e  p r e g i c t e d  
A . The d a t a  shown are f o r  t h e  WFC 5-mcnth Rp envelope i n  con junc t ion  wi th  
tRe JSC 5-month K~ va lues .  
T h i s  paper d e a l s  wi th  t h r e e  primary s u b j e c t s :  ( 1 )  p r e d i c t e d  sunspot  numbers, 
( 2 )  p red i c t ed  s o l a r  f l u x  (F10.7 a), and ( 3 )  p r e d i c t e d  geomagnetic i n d i c e s  Ap 
and K . The t echn iques  and p r e d i c t i o n  models f o r  each of  t h e s e  are p re sen ted  
and dfscussed  wi th  numerous p l o t  r e s u l t s .  
To b e s t  summarize t h i s  work, inc luded  is a f i n a l  summary p l o t  ( f i g .  321, which 
p r b a e n t s  t h e  f i n a l  p r e d i c t e d  r e s u l t s  o f  each oC t h e s e  s t u d i e s .  
1. Newman, S. R.; and Johnson, Gordon G.: So la r  Ac t iv i ty  Predic t ion of Sunspot 
Numbers Predicted So la r  Radio Flux. JSC I N  80-FM-8, Februarv 1980. 
2. Magnetic Data Tape, Solar  Ac t iv i ty  Data. World Data Center,  NOAA, December 
1978. 
3. Vaughn, W i l l i a m  W.: So la r  Ac t iv i ty  Inputs  f o r  Upper Atmosphere Models Used 
i n  Orb i t a l  Lifet ime Estimates. MSFC memorandum ESBA, September 15, 1979. 
4. Jacchia ,  L. G.: Thermoapheric Temperature, Density, and Compositi,n: New 
Models. Smithso~liam Astrophysical  Observatory, Spec ia l  Report 375, March 
15, 1977. 
5. NDAA: Solar-Geophysical Data Explanation of Data Reports. No. 402 
(Supplement), February 1978. 
6. Bar te l s ,  i, : Discussion of Time Var ia t ions  of Geomagnetic Ac t iv i ty ,  Ind ices  
K p  and A p ,  1932-1961. IAGL B u l l e t i n  No. 19, January 1963. 
TABLE I.- SUBDIVISION 3F CLASSES F O R  A TYPICAL SOLAR CYCLE 
Class Descr ip t ion 
A ' .  . .  . . 
E . . . . .  
E ' . . , . .  
h e d i a t e l y  before minimum epoch ( sunspot nruuber range is 
approximately: 5 -1 2 )  
Inmediately a f t e r  mininun epoch (sunspot number range is ap- 
proximately: 2 -12) 
After  c l a s s  A t  ( t o  sunspot number approxima';ely: 35) 
Ascending (sunspot number range t o  approximately: 93) 
Ascending maximum epoch (sunspot number range t o  approxi- 
mately: 100) 
Descending maximum epoch (sunspot number range t o  approxi- 
mately: 100) 
Descending (sunspot number range t o  approximately: 26) 
Descending before c l a s s  A ( t o  sunspot number approximately: 
25.9) 
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FLUX/SSN RSC(ENV.1 -JSC MODEL 
I I I 
0.0 100.0 200.0 500.0 400.0 
SUNSPOT NUHBER 
FLUX/SSN DES(ENV.1 -JSC MODEL 
0.0 
0.0 50.0 100.0 150.0 m. 0 250.0 500.0 
SUNSPOT NUMBER 
F i g u r e  22 . -  P r e d i c t e d  s o l a r  f l u x  envelope w i t h  t h e  
JSC sunspot nurnberl f l  ux made1 s .  
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( 'AN3 '03dd) S3n9UA XJONI do 
40.0 . 
PRED. CYCLE 21 AP VALUES -- - MSFC 
70.0 
PRED. CYCLE 21 AP VALUES - JSC 
1 1 
COMPARE HP-JSC/RLIIC 
1 I 1 1 
F igure  30.- Summary p l o t s  o f  t h e  MSFC and JSC Ap envelopes. 

m.3 -, PRED. I SUNSPOT NUMBERS, - JSC 
PRED. CYCLE 21 AP VALUES - JSC 70.0- 1 1 
F igure  32. -  Summary p l o t s  o f  p r e d i c t e d  sunspot numbers, 
p red ic ted  s o l a r  f l u x  ( ~ 1 0 . 7  cm),and p red ic ted  Ap ,,., 
values  (1  979-1 989).  c t p  l i i ~ ~ y  . 
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